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ABSTRACT
Wildlife disease surveillance has been increasing in recent years in an effort to identify
and characterize novel emerging zoonoses. In particular, bats have been targets of active
surveillance because of their recent associations with diseases of global public health
importance, such as Ebola virus, SARS-like coronaviruses, and Nipah and Hendra virus. The
high species richness, large population sizes, and frequent inter- and intra-species interactions of
bats make them ideal reservoirs of infectious diseases. For this molecular epidemiological study,
novel paramyxoviruses discovered through surveillance of bats in Brazil were fully sequenced to
allow for a range of genetic analyses, including the construction of phylogenetic trees and
cophylogenetic analysis. Three unique viruses are described, one in the genus Morbillivirus and
two in a Morbillivirus-related clade. Cophylogenetic analysis with other recently described
paramyxoviruses in bats indicates strong coevolution between viruses and their bat hosts, with
host-switching events acting as an important driver of viral diversification. This finding supports
the need for increased surveillance in areas with high bat species richness, such as Central and
South America, which have been previously largely underrepresented in surveillance studies.
While pathogenicity to humans and risk of emergence cannot be explicitly determined through
genetic data alone, here it is argued that evolutionary history and knowledge of host-viral
interactions can be valuable tools in inferring public health importance and supporting models of
prediction in the future.
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INTRODUCTION
Emerging infectious diseases (EIDs) pose a significant threat to global public health.
More than 60% of recent EIDs are zoonotic, and the majority are viruses with wildlife origins [1,
2]. Further, this threat is not likely to dissipate in the future; the rate of disease emergence has
been increasing over time [3] and estimates of overall wildlife viral diversity indicate that there
may be a significant number of yet undiscovered viruses [4]. With wildlife surveillance for
novel viruses increasing in recent years [5], significant effort has been put towards determining a
strategy to predict which viruses may carry a higher risk of spillover and transmission in humans.
To date, not a single emergence event has been predicted before it occurred [6]. Research to
determine which wildlife viruses may be dangerous to human health currently involves two
parts: active wildlife surveillance and characterization and analysis of viral genetic sequences [6,
7]. Quantification of viral diversity is an important first step in identifying areas of potential
concern and identifying factors driving diversification, but secondary analysis of viral genomes
can also yield important information that may be useful in predicting pandemic risk.
Recent spillover events have been associated with high human population density as well
as high wildlife species richness; thus, targeted surveillance in “hotspots” of emergence, where
human populations are in close proximity to high biodiversity ecosystems, can be a cost-effective
strategy to discover and characterize potential viral threats [1]. Surveillance strategies have been
further refined by identifying wildlife species that act as reservoirs for known viruses of public
health importance. Primates are frequently investigated because of their genetic relatedness with
humans [8], but small mammals such as rodents and bats are equally if not more important
reservoirs of disease. The large population sizes and social behavior of these groups result in
conditions that are sufficient to sustain a large range of acute and persistent infectious diseases
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[9]. From an epidemiological perspective, large, social populations will have higher contact
rates, stronger mixing patterns, and higher birth rates compared to smaller, territorial groups,
allowing a broader range of infections to persist. A highly infectious disease with sterilizing
immunity would quickly burn out and disappear from a small primate population, but could be
indefinitely sustained by large small mammal populations with high birth rates of new
susceptible individuals.
Bats represent more than 20% of all mammal species [10] and have several unique
characteristics that make them optimal disease reservoirs [9]. Bats have the ability to fly and
often migrate over long distances, carrying any infections with them. It is also common for
migrating groups of different species or those with overlapping ranges to roost together in trees
or caves, encouraging mixing of infections between species [9]. Further, many species have
extremely long life spans, which would allow for long durations of persistent infections and
increased transmission [9]. A quantitative analysis by Luis et. al showed that bats carry a higher
viral richness per species compared to rodents, likely because of these unique life history traits
[11]. Bats have already been shown to be involved with diseases of significant public health
importance such as Ebola virus [12], Nipah and Hendra virus [13, 14], and SARS-like
coronaviruses [15], and it is likely that there are many more to be discovered.
Once a new wildlife virus has been discovered through active surveillance, the genetic
sequence can be analyzed to determine its closest phylogenetic relatives, its evolutionary history,
and any genetic regions of conservation or divergence. Many surveillance strategies involve
sequencing only a small, conserved region of the genome, which can be useful for proving the
existence of novel viruses, quantifying overall viral diversity, or measuring infection prevalence
within a population. Where possible, however, sequencing the entire genome of a virus can
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provide valuable information. While no single correlate of pathogenicity or virulence has been
determined for any viral families [3, 6], and it is not possible to determine through phylogenetic
data alone [6], generating clues through whole genome analysis may be useful in identifying
markers of pathogenicity in the future or in prioritizing sequences to analyze further. Untangling
the evolutionary history of a virus through phylogenetic analysis and assessment of
recombination can further illuminate possible drivers of viral diversity and refine surveillance
strategies, while genome assessment and subsequent laboratory studies can be useful in
estimating zoonotic potential.
The purpose of this study is to analyze the full genomes of viruses discovered through
active surveillance of bats in Brazil and to analyze the evolutionary relationships with other
known viruses. Furthermore, the current surveillance strategy for zoonotic viruses is examined
in light of the potential limitations of the findings.

METHODS
Identification of samples positive for paramyxoviruses
Rectal, oral, blood, and urine samples (N=3,864) from 22 different bat species in Brazil
previously collected as part of a larger research effort were analyzed for this study. Extractions
of total nucleic acid had been previously performed using the EasyMag system and converted to
cDNA using Invitrogen SuperScript III reverse transcriptase. Consensus RT-PCR assays using
Paramyxoviridae-specific degenerate primers were used to screen for samples positive for
paramyxoviruses as described in Tong et al. [16]. The degenerate primers bind two highly
conserved regions with variable sequence in between, allowing for broad reactivity within the
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viral family and detection of both known and novel viruses. PCR products were screened by gel
electrophoresis, and bands of the expected amplicon size were cut. Since degenerate primers do
not always yield a single clean sequence, products were cloned in bacterial cells using
Strataclone PCR cloning kits to ensure purity of the sequenced product within each colony.
Eight transformed colonies were sequenced from each positive sample to catch possible coinfections and to increase the chances of obtaining an accurate final consensus sequence. The
resulting sequences were edited using Geneious (v8.1.6) and searched on the NCBI database
using nucleotide BLAST.
Genome sequencing and construction
Original total nucleic acid of samples that tested positive for paramyxoviruses were
sequenced using the Illumina High-Throughput Sequencing (HTS) system. The resulting reads
were de novo assembled and subjected to a bioinformatics pipeline that searched for BLAST hits
using BLASTX. Specific details of HTS library preparation and the pipeline protocol are
included in Supplementary Methods in the Appendix. Contigs with paramyxovirus hits were
imported into Geneious and assembled to a reference genome chosen based on sequence
similarity to the screening PCR product. Because the reads did not result in full coverage, sitespecific primers were designed to fill in any regions of missing sequence and standard PCR
reactions were performed. Resulting PCR products were purified and cloned, and DNA was
extracted from transformed colonies using Qiagen QIAprep Spin Miniprep kits and submitted for
direct sequencing. Because of time constraints, not all gaps were successfully filled. Remaining
unused reads and singletons from the original HTS pipeline data were mapped one-by-one to the
reference in order to have as much sequence as possible for the analysis. Scaffolds were
extracted and cleaned so that each final contig would BLAST as a continuous hit.
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Phylogenetic analysis
Phylogenetic trees were constructed using full genomes and separately for each gene.
Because the genomes were incomplete, each fragment piece was aligned separately and
references were trimmed so that only available sequence was included in the phylogenetic
analyses. For the full genome phylogeny, the individual trimmed gene alignments were
concatenated to avoid introducing unrealistic gaps. Trees were also constructed using the
original consensus PCR fragments as a comparison to evaluate the effectiveness of targeting only
short fragments as a surveillance strategy. Sequences were aligned using ClustalW and
maximum likelihood model-fitting was performed using jModelTest (v2.1.7)[17]. Trees were
statistically supported using the best-fit maximum likelihood model determined by jModelTest
with 200 bootstraps in MEGA (v6.06) [18].
Tests for selection
Codon alignments for each gene as well as for the RMH primer set were generated and
analyzed using the DataMonkey web server [19]. Single-Likelihood Ancestor Counting
(SLAC), a method that reconstructs ancestral states to determine the number of synonymous and
non-synonymous mutations at each codon site, was used to generate estimates of selection
pressure at each site [20]. For each codon alignment, DataMonkey will report the estimated
value of dN/dS as well as a p-value for the statistical test dN≠dS at that codon.
Co-phylogenetic analysis
Co-phylogenetic trees were built for a set of viruses representing a diverse host range
using the RMH primer set from Tong et al. [16] and cytochrome B sequences from
corresponding bat hosts. Trees were statistically analyzed using ParaFit (as part of the ape
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package in R) [21] as well as PACo [22]. Potentially optimal solutions to explain the
phylogenetic relationships between the two groups were generated in Jane [23] and a graphical
representation of the tree was generated using TreeMap3 [24].
Construction of database of all published bat paramyxoviruses
Code was written in Python to extract the accession number, organism name, sequence
length, collection date, collection location, and host species for all published sequences in the
family Paramyxoviridae using GenBank files downloaded from the NCBI Nucleotide database.
A list of all bat species was populated from NCBI Taxonomy Browser and used to extract all
entries with any mention of bat genera, species names, or general terms such as “bat,” “flying
fox,” or “pteropid” using R. Any missing data was researched and filled in from published
citations. Descriptive analyses were performed using R.

RESULTS
A total of 7 samples were found to be positive for paramyxoviruses after the initial
consensus PCR screening from the original 3,864 samples. Positive samples represented 5
unique animals and 4 of 22 sampled species. Based on nucleotide similarity of the PCR
fragments, it was determined that the samples collectively contained three separate groups of
sequences. The phylogenetic position of each fragment is shown in Figure 1. It appears clear
that Virus 1 (PBZ-1381, PBZ-1382, PBZ-2589, PBZ-3012) clusters within the genus
Morbillivirus, while Viruses 2 (PBZ-2282, PBZ-3205) and 3 (PBZ-1672) reside in a
morbillivirus-related clade containing J-virus and Beilong virus. Considering the high degree of
sequence divergence from accepted viral species by the ICTV included in Figure 1, it appears
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that each of the three viruses is distinct, but additional data is needed to confirm the
identification of a new species.
When constructing full genomes using HTS data, the resulting reads did not provide full
genome coverage within each individual sample. Samples that were positive for the same virus
were pooled together before being mapped to the reference genome to maximize coverage of the
reads. A limitation of this method was quickly discovered while generating the alignment for
Virus 2. While mapping the reads and determining the consensus fragments for V2, multiple
regions were discovered that contained two different mapped sequences. While often this can be
the result of HTS error, the mismatched fragments in this case were more frequent, quite similar,
and resulted in BLAST hits to the exact same region. Even after separating the pooled data from
the two samples that were originally determined to be the same virus, a large amount of
variability still existed. This is indicative of a possible co-infection with multiple
paramyxoviruses, but because of time constraints the genomes were not separately resolved.
Viruses 1 and 3 were successfully assembled, and are the only sequences included in further
analyses. In the future, each genome will need to be confirmed with PCR by designing
overlapping primer regions because of the possibility of introducing error using this method.
Based on phylogenetic position of the PCR screening fragment, Measles virus (GenBank
AF266288) was chosen as the reference for Virus 1 and J-virus (GenBank AY900001) was
chosen as the reference for Virus 3. The final alignments are shown in Figure 2.
Trees were constructed for the full genome concatenation as well as for the available
sequence for each gene to more fully investigate the evolutionary history of the virus. A
comparison of these trees is shown in Figure 3. While V1 shows a consistent phylogenetic
pattern across all genes, V3 shows an inconsistent pattern in the phylogeny for G, the attachment
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glycoprotein, which could be indicative of a recombination event. Each gene region was also
examined for positive or negative selection (Table 1).
The cophylogeny generated for a subset of bat viruses with existing sequence in the RMH
primer region with host cytochrome B sequences is shown in Figure 4. Clustering between hosts
and viruses is apparent, but several seemingly incongruent events exist. ParaFit is a method
developed for testing the statistical significance of cophylogenies using principal component
analysis of the matrices of patristic distances of the host and parasite trees. It tests the null
hypothesis that the evolution of the two groups was independent by generating random
permutations of host-parasite interactions and comparing the resulting distance matrix analyses.
Using this method, the two trees were found to be highly associated (p = 0.001), indicating that
the trees are not random with respect to one another and represent a coevolutionary relationship.
This finding was supported using PACo, a similar method that uses the same input as ParaFit but
relies on Procrustes superimposition. Using 10,000 permutations, PACo resulted in a p-value of
0, indicating that it is highly unlikely that these relationships have arisen by chance.
ParaFit also allows for the testing of individual host-parasite associations to determine
which are inconsistent with the cophylogenetic relationship. In theory, removing a link from the
analysis that represents an important contribution to the host-parasite association will decrease
the global test statistic. If the ParaFitLink1 statistic is greater than the significance level
(α=0.05), we fail to reject the null hypothesis that the link is a random association. While not
conclusive, this inconsistency with the coevolutionary pattern could represent a significant hostswitching event. Three of the 73 associations included in the cophylogeny had ParaFitLink1 pvalues greater than 0.05; these associations are marked with an asterisk in Figure 5.
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Another way to examine the evolutionary history of viruses and bat hosts is to generate a
set of possible past events (including cospeciation, duplication, duplication with host-switching,
loss, or failure to diverge) that could explain the currently observed tree topology. Jane is a
software tool that computes a list of sets of these five events based on user-specified input costs
for each event. Using this tool, the dominant event found to explain topology was duplication
with host-switching, ranging from 40 to 43 events per solution. Cospeciation followed, ranging
from 28 to 31 events per solution. Losses ranged from 13 to 19 events, and Jane consistently
predicted 1 duplication without host-switching for all solutions. An example solution is shown
in Figure 5. Though these results are not statistically supported, they indicate host-switching
events as significant drivers of viral diversification within hosts in a coevolutionary setting.

DISCUSSION
The results indicate that three novel bat paramyxoviruses have been discovered. Many
surveillance efforts have discovered viruses similar to V3 [25, 26], but few true bat
morbilliviruses have been described [27]. Morbillivirus contains viruses from a diverse array of
hosts with a unique set of infection dynamics. Measles, a pathogen with arguably one of the
best-described infection dynamics of any known disease, is a highly infectious pathogen with
high estimated values of R0. Because of the high infectivity and sterilizing immunity conferred
by infection, the virus requires a minimum population size of 250,000 to 500,000 individuals to
persist within a population [28]. Rinderpest, the second pathogen to ever be globally eradicated,
produced similar dynamics in cattle with a critical population size of 200,000 [29]. Canine
distemper virus is able to infect a wide variety of hosts, including domestic dogs and many wild
carnivore species, and also exhibits highly infectious acute epidemics with immunizing
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immunity [30]. Morbilliviruses have also been described in seals [31], dolphins and whales [32],
and cats [33]. Bats, especially those species that form large populations, would conceivably be
an ideal long-term reservoir for an infection with such dynamics. Morbilliviruses also have a
history of host-switching events [34], with measles likely emerging from rinderpest [35] and
CDV able to infect a multitude of different carnivores [30]. Further studies investigating the
properties of V1 are extremely warranted given the history of morbillivirus dynamics.
While phylogenetic data alone cannot predict the risk of emergence in humans, these
types of analyses provide a valuable basis for further investigation and knowledge of the
evolutionary history of the virus. Monitoring recombination events provide insight into hostswitching events and could act as a warning flag when viruses share regional similarity with
known human infections. Knowledge of the attachment proteins and corresponding host
receptors can also be used to attempt to predict pathogenicity [36], and are important for
treatment and design of antiviral drugs. Even if a virus that is identified and described never
infects humans, having an extensive database of viral diversity in wildlife will be invaluable
support when moving towards models of prediction. If a virus is found in wildlife, livestock, or
humans, but was previously described in a different host, information immediately exists on the
history of that virus. Similarly, geographic range can be monitored when similar viruses are
found in new locations. With a large enough data set, classical epidemiological association
studies can help determine risk factors for emergence, such as land use change, deforestation,
fragmentation, or bushmeat hunting. A case-control study comparing viruses that are able to
infect humans compared to viruses that are not could generate a wealth of information
concerning surrounding environmental risk factors as well as genetic characteristics that are
present or absent in either group. When we begin to understand the ecological and genetic
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drivers of viral emergence, interventions can be designed and implemented to protect human
health across the globe.
One of the most pressing limitations of this type of analysis is the cost of whole genome
sequencing, especially for a large-scale surveillance project. The overwhelming majority of bat
paramyxovirus sequences submitted to GenBank are small PCR fragments such as those used in
the initial screening for this study. Over 90% of entries for bats are shorter than 1kb, and fewer
than 3% are greater than 10kb (Figure 6). While these fragments can provide a general idea of
phylogenetic relatedness, all information regarding recombination events and most of the
evolutionary history of the virus cannot be determined. The phylogenetic breakdown by gene in
Figure 2 was compared primarily with non-bat viruses because of the lack of available full bat
virus genomes, which strongly limits the relevance of the results and makes the detection of
recombination highly unlikely. Consensus PCR is also not perfect, and there is the possibility
that highly divergent viruses would be missed by the degenerate primers. HTS would
theoretically detect a greater range of viruses, but the cost of performing HTS on all collected
samples from a surveillance project is overwhelming with current technology. As technology
develops and costs fall, conducting surveillance studies using HTS to generate full genomes will
become more feasible, and the information generated from analyses will be of greater potential
use.
Another limitation to these types of studies is the inherent sampling bias introduced by
active surveillance. The global distribution of bat species is shown in Figure 7, which shows the
high species richness of bats in South America. In contrast, just under 5% of all GenBank bat
paramyxovirus sequences were found in Central and South America (Figure 6). There is a clear
discrepancy between bat species richness and sampling effort, with Central and South American
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regions appearing severely underrepresented. Untangling whether this discrepancy is due to
increased sampling effort in these regions or to a true increased diversity of African and Asian
viruses is an important question, but nearly impossible to answer with currently published data.
It has been proposed that the colonization of new, related hosts may represent one of the
principle modes of macroevolution among RNA viruses, because evolutionary constraints likely
prohibit evolution within a single host species [37]. It seems logical that viral diversity in a
region would correlate strongly with species richness due to greatly increased opportunities for
encounters with new hosts and increased abundance of host-switching events. The cophylogeny
analyzed in this study also highlights the importance of host-switching events in bat-virus
coevolution. The entire genome also appears to be under strong negative (purifying) selection
(Table 1), which supports the hypothesis that host-switching may be an important driver of viral
diversification. If host factors constrain the evolutionary space of an established virus in a
population [37], there may be little opportunity or reason for diversification in the absence of
host-switching. If this is the case, and species richness does correlate strongly with current viral
diversity as well as the potential for host-switching, then Central and South America have been
massively understudied thus far.
In conclusion, the current strategy for wildlife viral surveillance is effective, but it is
limited in fully describing the evolutionary history of a virus as well as generating information
useful for further studies. Furthermore, the heavy bias towards sampling in Africa and Asia
skews the distribution of discovered viruses in a direction that may not reflect the true global
diversity of bat viruses. In the future, increased effort should be placed on studying New World
viral diversity with as much vigor as has been recently put towards Old World viruses, and
resources should be put towards the generation of full genomes where possible. Full genome
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data will be invaluable in further describing wildlife viruses and using that knowledge to infer
public health importance and support predictive models of disease emergence.
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APPENDIX

Respirovirus

Henipavirus

Morbillivirus

Figure 1. Phylogenetic tree using the initial PCR screening fragments. Viruses discovered as part of this
study are noted with “PBZ” and colored in red. Established genera according to ICTV are shaded in grey.
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Figure 2. Final full genome alignments used for phylogenetic analysis.
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Figure 3. A comparison of the phylogenetic relationships for each viral gene for Viruses 1 and 3, shown
in red.
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Gene
N
P
M
F
G
L

dN/dS
0.158
0.464
0.155
0.195
0.315
0.170

Table 1. dN/dS ratios for each viral gene at the p = 0.1 level.

Figure 4. Co-phylogeny between viruses (RMH primer region, right) and bat hosts (CytB, left). Branch
lengths are not representative of evolutionary distances. Sequences from Central and South America are
shaded in grey.
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Figure 5. An example of a cophylogeny mapping solution computed using the software Jane. Host
topology is shown in black and parasite in blue. Cospeciation events are marked by hollow circles, and
duplications are marked with solid circles. Yellow nodes indicate the existence of another location of
equal cost, and red nodes indicate all other locations are of higher cost.
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Figure 6. Descriptions of published bat paramyxovirus sequences extracted from GenBank.

Figure 7. The global distribution of known bat species based on the IUCN Redlist 2013 data, generated
by biodiversitymapping.org.
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SUPPLEMENTARY METHODS
Illumina High-Throughput Sequencing
Total RNA extract was DNAse treated (DNAse I, Ambion, Life Technologies ) and reverse
transcribed using SuperScript III (Invitrogen, Life Technologies) with random hexamer primers. The
cDNA was Rnase-H treated prior second strand synthesis with Klenow Fragment (3’-5’ exo) (New
England Biolabs). The resulting double stranded cDNA was sheared to 200 bp (average) fragments using
Covaris focused-ultrasonicator E210, following the manufacturer’s standard settings, and used for library
construction using the Kapa Hyper Library Preparation kit (Kapabiosystems, Roche), again according to
the manufacturer’s instructions. The final library was quantified using Agilent Bioanalyzer 2100 and
pooled to allocate 20 million reads to this sample on the Illumina Hiseq 2500 platform.
Bioinformatic Pipeline
The Q30-filtered FastQ files were used to generate quality control reports using PRINSEQ
software (v 0.20.2 (1)) and were further filtered and trimmed. Host background levels were determined by
mapping the filtered reads against bat reference database using Bowtie2 mapper (v 2.0.6 , http://bowtiebio.sourceforge.net; (2)). The host-subtracted reads were de-novo assembled using MIRA (4.0 (3))
assembler, contigs and unique singletons were subjected to homology search using MegaBlast against the
GenBank nucleotide database. Sequences that showed poor or no homology at the nucleotide level were
screened by BLASTX against the viral GenBank protein database. Viral sequences from BLASTX
analysis were subjected to another round of BLASTX homology search against the entire GenBank
protein database to correct for biased E values and taxonomic mis-assignments.
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